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Abstract: Infertility is a severe medical problem and is considered a serious global public health issue
affecting a large proportion of humanity. Oxidative stress is one of the most crucial factors involved
in infertility. Recent studies indicate that the overproduction of reactive oxygen species (ROS) or
reactive nitrogen species (RNS) may cause damage to the male and female reproductive systems
leading to infertility. Low amounts of ROS and RNS are essential for the normal functioning of the
male and female reproductive systems, such as sperm motility, acrosome reaction, interactions with
oocytes, ovulation, and the maturation of follicles. Environmental factors such as heavy metals can
cause reproductive dysfunction in men and women through the overproduction of ROS and RNS. It
is suggested that oxidative stress caused by arsenic is associated with male and female reproductive
disorders such as through the alteration in sperm counts and motility, decreased sex hormones,
dysfunction of the testis and ovary, as well as damage to the processes of spermatogenesis and
oogenesis. This review paper highlights the relationship between arsenic-induced oxidative stress
and the prevalence of infertility, with detailed explanations of potential underlying mechanisms.
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1. Introduction

Infertility is not being able to become pregnant after one year or more of engaging in
unprotected sex. Infertility affects millions of people of reproductive age worldwide and
based on World Health Organization (WHO) reports, it is suggested that between 48 million
couples and 186 million individuals suffer from infertility globally [1]. Medical studies
have reported that 30% of infertile couples have unexplained infertility conditions after
standard evaluations [2]. There are numerous reasons for the development of infertility
in humans, and exposure to toxic heavy metals is considered one of the potential reasons.
Humans are often exposed to individual or multiple heavy metals released from industrial
activities into the environment. Within the last century, there has been a rapid growth in
industrialization and technological advances across the world, which have contributed
significantly to industrial pollution. Heavy metal pollution (i.e., arsenic, cadmium, mer-
cury, titanium, iron, cobalt) is one of the industrial pollutions that is most prevalent in the
environment. Arsenic is a well-known ubiquitous metalloid in the environment. Humans
are mainly exposed to arsenic via contaminated drinking water and food. Arsenic is widely
used in herbicides and insecticides for its known toxicological outcomes in invertebrates.
Manifestations of arsenic toxicity in humans mainly depend on two factors: (I) the duration
of the exposure and (II) the dose of the metalloid. Side effects associated with arsenic doses
vary from fatality to cancers of the skin, bladder, liver, and kidney. Arsenic exposure has
also contributed significantly to infertility and miscarriages in humans [3-5]. Findings from
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several epidemiological studies on menstruation indicate that exposure to heavy metals
affects hormone levels in the human system [6]. There is very strong evidence that exposure
to environmental levels of heavy metals interfere with the reproductive function in adult
women [6,7]. Several epidemiological studies have evaluated blood levels of arsenic and
other heavy metals in infertile women; among them, a notable investigation was conducted
in China by Hsiao-Ling Lei et al., and the results showed that blood levels of arsenic
were significantly higher in infertile women compared to pregnant women [8]. Several
urinary biomarkers such as acylcarnitines, uridine (a stimulant of energy expenditure
and apoptosis), and methyl xanthine have shown an association between arsenic-induced
oxidative stress and infertility in men [9]. Numerous animal and human studies have
shown that arsenic exposures induce infertility by altering the levels of follicle-stimulating
hormone (FSH), luteinizing hormone (LH), and testosterone and may cause damage to the
process of spermatogenesis and oogenesis [5,9]. Decreases in the fusion of egg—-sperm [9],
abnormalities in the shape of the sperm [6], disturbances of sperm capacitation [10], im-
pairments in the glycolysis pathway [11], as well as disruptions in lipid and amino acids’
metabolism [12], are known adverse outcomes of arsenic for the male reproductive sys-
tem. This review highlights the relationship between arsenic-induced oxidative stress
and infertility.

2. Oxidative Stress

Oxidative Stress (OS) occurs as a result of an imbalance between ROS production
and the antioxidant defense system in the cell; this causes deleterious effects on the cell’s
life [13,14]. OS causes damage to the cell structure, lipid, protein, DNA, membrane of the
cell, and cell signaling, and leads to several disorders such as diabetes [13], atheroscle-
rosis [14], cancer [15], and infertility [16]. ROS are produced by oxygen metabolism.
Enzymatic sources of ROS are monoamine oxidase (MAO), NAD(P)H oxidase, xanthine
oxidase (XO), cyclooxygenase (COX), lipoxygenase (LOX), myeloperoxidase (MPO), and
nitric oxide synthase (NOS) [14,17]. Electron transport chains in mitochondria, smoking,
industrial waste products, viral and bacterial infection (phagocytic cells), environmental
pollutants, and various cellular pathways such as protein tyrosine kinase and nuclear factor
kappa B (NF-kB) represent alternate sources of ROS production. Small amounts of ROS
are useful for signaling pathways such as protein tyrosine kinase, NF-kB, the G-protein-
coupled receptor, gene expression, proliferation, ovulation, maturation of the follicle, and
folliculogenesis [18-22]. Nitric oxide (NO) has an important role in folliculogenesis. The
overproduction of NO has been observed in infertile women and men with varicocele. Com-
mon forms of ROS that affect sperm survival and its function include H,O,, OHe [23,24],
peroxyl radicals, and hypochlorite ions [25,26]. ROS-induced damage to carbohydrates
and lipids leads to the formation of ketoamines and ketoaldehydes [27], alkyl radicals,
such as malondialdehyde (MDA), and 4-hydroxynonenal (HNE) (i.e., biomarkers of lipid
peroxidation), respectively [28]. The oxidation of proteins by ROS leads to the production
of modified proteins, alteration of their electrical charges, cleavages of the polypeptide
chain, and formation of carbonyl groups (i.e., markers of protein oxidation) [27]. Breaking
of the DNA strands, oxidized bases (such as 8-OHdG as a marker of DNA oxidation), and
cross-linking to proteins are the effects of DNA oxidation by ROS [29,30].

3. Role of Oxidative Stress via Genetics Causes in Infertility

Genetic aberrations associated with infertility range from chromosomal anomalies to
epigenetic changes. Based on cumulative evidence, oxidative stress is known to cause infer-
tility via the induction of changes in telomere length [29-32], nuclear abnormalities, DNA
fragmentation [31], apoptosis [33], mutation [34], alteration in miRNAs, DNA methylation,
histone modification, RNA regulation, DNA repair, transcription, protein degradation, and
change in the expression of related genes [35-39]. Arsenic at moderate concentrations in-
duces cell cycle arrest and apoptosis by modulating genome-wide gene expression, leading
to compromised DNA repair and increased genome instability [36].
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4. Arsenic and Oxidative Stress

Arsenic is a metalloid in water, soil, and air that exists in two forms: inorganic (iAs)
and organic. Inorganic forms of arsenic are trivalent arsenite (As>*) and pentavalent
arsenate (As®*), with the former being a more toxic form than the latter. Contaminated
drinking water is the most important route of exposure for iAs. Arsenic produces ROS; the
oxidation of arsenite to arsenate through arsenic methylation leads to OS and can cause
damage to physiological functions of the cell leading to various diseases such as cancers,
diabetes, atherosclerosis, and cardiovascular disease and infertility [12,40,41].

Some potential mechanisms of arsenic-induced OS are as follows:

- The alteration of mitochondrial integrity and membrane potential, the loss of mito-
chondrial organization, the release of cyt-c and activation of Bax (apoptotic protein),
decreased expression of Bcl2, and apoptosis. Mitochondria produce ROS through
complex I and III [42,43].

- The methylation of arsenic. The detoxification of arsenic is associated with its methy-
lation in the liver by As3MT, and the production of its methylated metabolites include
MMAY, MMAl, DMAY, and DMA!!. In this pathway, arsenic needs glutathione
(GSH) and other thiols. Depleting GSH and other thiols alters the redox status, pro-
ducing arsenic methylated metabolites that increase oxidative stress [44—46].

- The alteration of some signaling pathways: such as the tyrosine phosphorylation
pathway and mitogen-activated protein kinase (MAPK) pathway, and transcription
factors such as NF-kB, AP-1, apoptosis, the activation of p53, and Bax expression [47].

- Damage to proteins, carbohydrates, lipids, and DNA. Arsenic causes damage to pro-
tein by producing €OH or O2e- that leads to the production of carbonyl, aldehydes,
and keto compounds. This metalloid also damages some amino acid residues such as
cysteine and methionine, and this may lead to alterations in protein structure, degra-
dation, unfolding, fragmentation, the inactivation of enzymes (such as antioxidant
enzymes, pyruvate dehydrogenase), and the production of advanced glycation end
products (AGEs) [27].

Arsenic causes damage to carbohydrates leading to the production of ketoamines and
ketoaldehydes, as well as changes in the carbohydrate metabolism (i.e., the inhibition of
pyruvate dehydrogenase complex, hyperglycemia, and glucose intolerance) [48].

Arsenic causes damage to lipids leading to the production of fatty acid radicals (ROOe),
MDA, HNE, the oxidation of cellular membranes, and the inactivation of membrane-bound
receptors [49,50].

Arsenic may damage DNA, leading to alterations in DNA bases (such as the produc-
tion of 8-OHdG; the altered bases can modify the site of binding of transcription factors
and change the expression of related genes), alterations in DNA repair enzymes, DNA
strand break, and the cross-linkage of DNA-protein [50].

5. Infertility and Oxidative Stress

There is limited information available about oxidative stress and the reproductive
system. In normal conditions, a low level of ROS is essential for fertility [51]. Both
spermatozoa and oocytes produce ROS that is essential for sperm—oocyte interaction. The
production of ROS is balanced by the antioxidants. The excessive production of ROS
impairs the function of spermatozoa and leads to DNA damage, sperm-oocyte fusion,
and infertility [52,53]. A low level of H,O, stimulates the function of sperm, such as the
hyperactivity and interaction of sperm—oocyte [54]. NO has been found to play a vital
role in folliculogenesis. A low level of NO is needed for the maturation of oocytes and
fertilization. Some studies have shown that a high level of NO is associated with lower
pregnancy rates [23]. Two important ROS production sources in the male reproductive
systems are immature spermatozoa and seminal leukocytes [55]. Polymorphonuclear
leukocytes (PMN), and macrophages produce 50-60% and 20-30% of ROS, respectively [56].
The activation of leukocytes by inflammation and infection produces higher ROS [57].
They increase the production of NADPH via the hexose monophosphate pathway and
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myeloperoxidase system, leading to ROS overproduction [57]. Two systems for producing
ROS by spermatozoa are the NADPH oxidase system in the plasma membrane of sperm
and the NADPH-dependent oxidoreductase in the mitochondria [58,59].

One of the causes of sperm dysfunction is oxidative stress. ROS may cause infertility
by two mechanisms: (i) damage to the sperm membrane and the reduction in sperm
motility, and (ii) damage to sperm DNA [60].

Spermatocytes are susceptible to oxidative stress-induced damage for high levels of
polyunsaturated fatty acids (PUFA) in the plasma membrane. Lipid peroxidation is the
most important cause of a loss of sperm motility [61]. Low levels of antioxidant enzymes
such as catalase or glutathione (GSH) cause damage to spermatocytes [62].

Several biological mechanisms of the effects of oxidative stress on the functions of
sperm cells have been identified. These include lipid peroxidation, the production of
lipid hydroperoxides, interaction with transitional metals such as iron or copper, as well
as the production of cytotoxic peroxyl radicals such as MDA and HNE that damage the
membrane and function of sperm cells and sperm—oocyte fusion [23], DNA damage by
the overproduction of ROS, the modification of bases such as 8-OHdG as a biomarker of
oxidative DNA damage, chromosomal rearrangement, single- and double-strand DNA
breaks, and a gene mutation that leads to the reduction in semen quality [29,30]. The
excessive production of ROS in mitochondria leads to the release of apoptosis-inducing
factors (AIF) and DNA fragmentation [63]. Damage to the mitochondrial membrane leads
to the release of cyto-c and apoptosis. Phosphatidylserine as a marker of apoptosis is
higher in the infertile patient than in normal men [33]. Varicocele is another cause of male
infertility. Increased NO and the production of O2e- and 8-OHdG have been demonstrated
in a patient with varicoceles. Smoking also reduces total sperm count, sperm density, and
the number of motile sperm [24,64].

The main sources of ROS in the ovary are phagocytic macrophages, parenchymal
steroidogenic cells, and endothelial cells [65]. Based on the role of ROS in folliculogenesis,
the maturation of follicles, and ovulation, steroidogenic cells have potent antioxidant
enzyme activity [66]. Low levels of some antioxidant enzymes in the follicular fluid, such
as GPx, high levels of NO, and increased MDA have been observed in infertile women [67].

6. Arsenic Toxicity and Male and Female Reproductive Systems

Many studies have shown that arsenic is a potent toxicant to the reproductive sys-
tem [68-71]. The male reproductive system is more susceptible to arsenic toxicity because
arsenic can directly bind to SH-groups of proteins such as sperm chromatin and flagel-
lum [71]. Arsenic also alters reproductive hormones and biogenic amines that regulate
spermatogenesis and oogenesis [72]. Several negative effects of arsenic on the male and
female reproductive systems are shown in Figure 1 and summarized in Table 1.

Arsenic exposure reduces the number of sperm due to reduced GSH and increased
MDA [73]. It is further known to increase ROS levels in testes [73], alter the hormone
secretion (i.e., reduction in testosterone, FSH, LH) [72,74], and disrupt spermatogenesis by
inhibition of androgen receptor activity [75]. Arsenic interacts with cysteine residues in
DNA-binding domain (DBD) of steroid receptors and inhibits their activity [76]. Arsenic
exposure is also responsible for the reduction in testicular weight [9,77] and alterations
in enzymes such as lactate dehydrogenase (LDH), acid phosphatase (ACP), y-glutamyl
transpeptidase (GGT) [9] as shown in Table 1.
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Table 1. Various negative effects of arsenic on the male and female reproductive systems.

Negative Effects of Arsenic on the Male and Female

Reproductive Systems References
Reduction in the number of sperm (due to reduction in GSH and (73]
increased MDA)
Increase in the levels of ROS in testes [73]
Alteration in hormone secretion (reduction in testosterone, FSH, LH) [72,74]
Disruption of spermatogenesis by inhibition of androgen [75]
receptor activity
Interaction with the cysteine residues in DNA-binding domain (DBD) [76]
of steroid receptors inhibits their activity
Reduction in testicular weight [9,77]
Alteration of some enzymes such as lactate dehydrogenase (LDH), acid [9]
phosphatase (ACP), y-glutamyl transpeptidase (GGT)
Reduction in sperm motility and viability [9,77]
Decrease in the expression level of CYP11A1, CYP17A1 [37]
Impaired sperm acrosome membrane protein 1 (SPACA1) and
o (9,771
alteration in shape of sperm head
Decrease in VDAC3 and disturbance of fertilization process [11]
Induction of inflammation in testes and increase in the production of 78]
inflammatory factors such as TNF-, COX, NF-kB, caspase 3
Alteration of some regulator enzymes in steroidogenesis such as
3B-hydroxysteroid dehydrogenase (3-RHSD), 173-hydroxysteroid [77-80]
dehydrogenase (173HSD) due to low levels of gonadotropin
Reduction in gonadotropin secretion due to alteration of the levels of [77,81]

some neurotransmitters (reduction in LH, FSH, estradiol)

Arsenic exposure reduced sperm motility and viability [9,77] and decreased the ex-
pression levels of CYP11A1 and CYP17A1 [37]. It also impaired sperm acrosome membrane
protein 1 (SPACA1) and altered the shape of the sperm head [9,77], decreased VDACS3,
and disturbed the fertilization process [11]. Arsenic exposure induced inflammation in the
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References

testes and increased the production of inflammatory factors such as TNF-o, COX, NF-kB,
and caspase 3 [78].

Arsenic affects the female reproductive system through the alteration of some regula-
tor enzymes in steroidogenesis such as 33-hydroxysteroid dehydrogenase (3-3HSD) and
173-hydroxysteroid dehydrogenase (173HSD) due to low levels of gonadotropin [77-80],
and a reduction in gonadotropin secretion due to alterations in the levels of some neuro-
transmitters (i.e., reduction in LH, FSH, and estradiol) [77,81].

7. Conclusions

Based on this review, arsenic with a direct effect or the induction of oxidative stress
leads to dysfunction of the reproductive system. Further studies are necessary in order to
clarify the proper molecular mechanisms involved in arsenic toxicity in the reproductive
system. Several important preventive strategies to tackle this public health problem,
especially in people exposed to arsenic, include: (i) the use of safe water (removal of arsenic
in the drinking water), (ii) the consumption of a protein-rich diet (a diet rich in protein has
a protective effect on arsenic-related toxicity), (iii) the use of antioxidant supplements such
as vitamin C, E, and polyphenols, and probiotics for activation of the body defense system,
(iv) modification in rice cooking methods (rice is the food source of arsenic), (v) maintaining
a healthy lifestyle (physical regulatory activity, abstinence from alcohol consumption
and smoking).

Author Contributions: Conceptualization and writing—original draft preparation, F.Z.; writing—
review and editing, M.S.R., RK. and M.H; visualization, EZ. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.

Acknowledgments: We would like to acknowledge the Office of Research, Azad University, Marand
Branch for supporting this study.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviation

RNS reactive nitrogen species; ROS reactive oxygen species; FSH follicle-stimulating
hormone; LH luteinizing hormone; OS oxidative Stress; MAO monoamine oxidase; XO xan-
thine oxidase; COX cyclooxygenase; LOX lipoxygenase; MPO myeloperoxidase; NOS nitric
oxide synthase; NF-kB nuclear factor kappa B; NO nitric oxide; MDA malondialdehyde;
HNE hydroxynonenal; GSH glutathione; MAPK mitogen-activated protein kinase; AGEs
advanced glycation end products; PMN polymorphonuclear leukocytes; PUFA polyunsatu-
rated fatty acids; AIF apoptosis inducing factor; DBD DNA-binding domain; LDH lactate
dehydrogenase; ACP acid phosphatase; GGT y-glutamyl transpeptidase; SPACA1 sperm
acrosome membrane protein 1; VDACS3 voltage-dependent anion channel protein 3; TNF-o
tumor necrosis factor.
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